Introduction {#Sec1}
============

In 1958, Francis Crick proposed the central dogma of molecular biology in which he explained the flow of genetic information within a biological system. In the central dogma RNA acts as a simple intermediary between the DNA that carries the genetic information and the proteins that define the whole variety of biological processes in the cell. Since then our understanding of the central dogma has dramatically changed. Large international consortiums such as ENCODE (The Encyclopedia of DNA Elements) has shown that up to 80% of the genome is transcribed while only 1,5% of it is protein --coding sequences \[[@CR1]\]. This showed that non-coding RNAs are a lot more abundant than it was considered before.

Based on the length of the transcript non-coding RNAs are divided into two groups: short and long non-coding RNAs. The first group includes well-known classes such as tRNAs, snRNAs, snoRNAs, miRNAs, piRNAs and others. The second group includes rRNAs and long non-coding RNAs (lncRNAs), which to date are very poorly functionally annotated.

LncRNAs are defined as transcripts of more than 200 nucleotides in length not containing an extended open reading frame. Based on the annotations of the FANTOM5 project the human genome contains almost 28,000 lncRNA genes, a number that is comparable to the amount of protein-coding genes \[[@CR2]\] . In-depth analysis revealed that lncRNAs is an extensive and very heterogenic group from mRNA-like transcripts to circular RNAs. Their length can vary from several hundred nucleotides for BC-200 to 90 thousands like in the case of Kcnqot1. LncRNA are found in all branches of life and the complexity of different organisms is well correlated with the amount and the diversity of these transcripts \[[@CR3]\]. According to the GENCODE project one third of all human lncRNAs genes are primate-specific \[[@CR4]\].

LncRNAs share a lot of common features with mRNAs, they are often capped, polyadenylated and undergo splicing. Nevertheless, lncRNA has its own peculiarities \[[@CR4]\]. On average lncRNAs have less exons in their structure. 42% of lncRNA contains two exons in comparison with only 6% in mRNAs. In addition, on average lncRNA are shorter than mRNA. Five hundred ninety-two nucleotides compared to 2453 for mRNA. Whereas 95% of all multi-exon mRNAs are alternatively spliced only 25% of lncRNAs undergo alternative splicing. Generally, lncRNA has a lower expression level, their expression is more tissue-specific, and the majority of lncRNA has nuclear localization. LncRNA is less conserved than mRNA, but the sequence conservation in lncRNA is not always correlated to their function. For example, XIST (X-inactive specific transcript), one of the first described lncRNAs has a low level of sequence conservation, but a highly conserved function across placental mammals -- inactivation of the X chromosome \[[@CR5]\]. On the other hand, MALAT1 whose sequence is highly conserved between human and mice do not tend to be conserved on the functional level. Knockdown experiments on human and mice lung cancer cell lines showed a decrease migration and metastatic rate in human. On the other hand in mice knockdown of MALAT1 apparently do not lead to a distinct phenotype \[[@CR6]\]. These examples demonstrate that for lncRNA the sequence conservation is not always a predictor for functionality, and that functional conservation may have a more complex nature in lncRNAs.

So far, only a small amount of lncRNAs is functionally annotated \[[@CR7], [@CR8]\]. However various studies showed that lncRNAs can participate in many cellular processes, including regulation of gene expression at the transcriptional \[[@CR9]--[@CR11]\] and post transcriptional levels \[[@CR12]--[@CR14]\]. Moreover, it is known that many lncRNAs can contribute to the development of many human diseases. Currently several databases containing entries about the association of non-coding RNAs and human diseases are available such as Lnc2Cancer, MNDR, LncRNADisease. For example, the last update of LncRNADisease (from july 26, 2017) contains almost 2000 entries about 914 lncRNAs that are associated with 329 diseases. Different approaches can be used for investigating the role of lncRNAs in the pathogenesis of human diseases. For some lncRNAs the connection with human diseases was made through GWAS (genome wide association studies) or investigating differential gene expression, but the molecular mechanisms are still unknown. For others several aspects of the pathogenesis were experimentally investigated in-vitro. Finally for some lncRNAs their role in disease progression was obtained during in-vivo experiments on mice models and in some cases lncRNAs were suggested as therapeutic targets. This review presents an analysis of the papers pertaining to each of the groups described above.

Analysis of lncRNA association with hereditary diseases {#Sec2}
-------------------------------------------------------

Several approaches are used for investigating the role of lncRNA in the development of human diseases. One of them is genome wide association studies -- GWAS. In this case, single nucleotide polymorphisms (SNP), associated with a particular condition are investigated. To date there are only a few examples of using GWAS in the field of lncRNA analysis. The reason is that GWAS were focused primarily on protein-coding genes \[[@CR15]\], despite the fact that most SNPs are located outside of protein-coding regions of the genome \[[@CR16]\]. One of the last researches that used GWAS revealed almost 150 lncRNAs associated with the cardiometabolic phenotype \[[@CR15]\]. More detailed analysis was performed for lncRNA linc-NFE2L3--1 and identified a possible molecular mechanism by which linc-NFE2L3--1 can contribute to the development of the investigated phenotype. Another example of using GWAS analysis for identification of possible lncRNA association with human diseases is research conducted into the DISC genomic locus in the field of psychiatric disorders such as schizophrenia, bipolar disorder, depression and autism spectrum disorders. This study revealed that a protein-coding gene *DICS1* is associated with these conditions*.* This genomiс locus also contains a lncRNA gene *DICS2,* that is transcribed from the opposite strand and may possibly regulate *DICS1* expression \[[@CR17]\]. However, there is no experimental data confirming this hypothesis and the role of *DICS2* in the development of schizophrenia.

Another approach for investigating the role of lncRNA in the development of human disease is differential expression analysis both in normal conditions and in disease state. Many papers focusing on protein-coding genes showed that the change in gene expression might be the main event in disease pathogenesis or it can be a secondary incident. Although the first situation is more interesting for studying the molecular mechanisms of disease pathogenesis, in both cases the altered expression level can be used as a very important biomarker of the pathological processes.

An example of such a work is a study of gene expression in hereditary hemorrhagic telangiectasia, also known as Osler--Weber--Rendu disease (OMIM 187300) \[[@CR18]\]. Using microarrays the expression level of RNA extracted from normal and affected tissues of patients with Osler--Weber--Rendu disease was obtained. As a result, 42 differentially expressed lncRNAs were identified. In their work, the authors note that further study is necessary to establish the role of these lncRNAs in disease progression. However, the expression level of these genes can already be used as a diagnostic biomarker. Another work, emphasizing the importance of lncRNAs in human disease is a recently published paper investigating autism spectrum disorder (ASD) \[[@CR19]\]. Authors compared RNA-seq data of samples from affected and control brain samples. 60 lncRNAs with a dramatically altered expression level were identified in autism. Moreover, authors showed that most of these lncRNAs are expressed in the brain and are primate-specific. Weighted gene co-expression network analysis (WGCNA) revealed six gene modules associated with ASD. Superimposing these results with GWAS data showed that one of these modules was enriched with rare pathogenic variants associated with ASD. Thereby, authors conclude that lncRNAs are very promising targets in studying ASD.

LncRNA that is often used as a biomarker is H19 -- one of the first described lncRNAs \[[@CR20]\]. It is an imprinted lncRNA, 2.3 kb in length which is normally only expressed from the maternal allele. Analysis of H19 methylation is an important step in the diagnosis of Beckwith-Wiedemann and Silver-Russell syndromes especially in the case of the latter where in 60% of cases a loss of methylation in imprinting center 1 (IC) is observed. The loss of methylation leads to biallelic expression of H19 \[[@CR21]\].

Thus, further utilization of GWAS and analysis of differential gene expression and the combination of these methods can be very useful in investigation of lncRNA associations with various pathological conditions. However, additional insight is needed to determine the true role of lncRNA in the development of human diseases.

LncRNAs as possible players in disease pathogenesis {#Sec3}
---------------------------------------------------

Besides lncRNAs that acts as biomarkers there is data about other transcripts whose role in the disease pathogenesis is more obvious, but for now their current role in the pathogenesis of hereditary diseases is still unknown or not fully understood. A widely known lncRNA NEAT1 (Nuclear-Enriched Autosomal Transcript 1) can serve as a good example. NEAT1 normally participates in the formation of nuclear structures known as paraspeckles -- ribonucleoprotein particles of cell nuclei \[[@CR22], [@CR23]\]. A study showed that in the early stages of amyotrophic lateral sclerosis (ALS) NEAT1 expression is induced in the motor neurons. As a result the number of paraspeckles formed by NEAT1 and other proteins including TDP-43 and FUS/TLS is increased in neurons' nuclei \[[@CR24]\]. Pathogenic variants in *TDP-43* and *FUS/TLS* genes are associated with different forms of ALS. However, it is still unclear why NEAT1 expression in induced in the first place.

Another example is AK056155 lncRNA which was identified during differentially expressed gene screening in endothelial cells of patients with Louis Dietz syndrome and in an aortic aneurysm samples (a common complication of this syndrome \[[@CR25]\]). In 75% of cases Louis Dietz syndrome is caused by pathogenic variants in the transforming growth factor beta-receptor 1 gene (*TGFBR 1*) which leads to increased receptor signaling. In Louis Dietz syndrome AK056155 is upregulated due to increased signal transduction of the PI3K/AKT pathway activated by TGF-β1 binding to its receptor. Yet the way increased AK056155 expression level leads to aortic aneurysms is unexplained.

A similar situation is observed in the case of BDNF-AS lncRNA. BDNF (Brain derived neurotrophic factor) is a growth factor that is necessary for maintaining growth, survival and synaptic plasticity of neurons \[[@CR26]\]. BDNF level in the brain is often decreased in many neurological disorders including Huntington disease, wherein overexpression of BDNF in mice models leads to an improvement of cognitive function \[[@CR27]\]. BDNF-AS is an antisense lncRNA transcribed from the opposite strand that regulates BDNF expression level by recruiting EZH2 methyltransferase, a component of PRC2 (polycomb repressive complex) to the BDNF promoter \[[@CR28]\]. Hereby, BDNF-AS negatively regulates BDNF level which is decreased in Huntington's disease. However, not all aspects of BDNF-AS' role in disease pathogenesis are clear to date. And it is still an open question how expansion in *HTT* gene is related to BDNF-AS lncRNA.

BC-200 is an example of an lncRNA associated with Alzheimer's disease. This lncRNA is 200 nucleotides in length, it is transcribed by RNA polymerase III and expressed in neurons and localized in their synaptodendrosomes \[[@CR29]\]. BC-200 modulates translation in neuron dendrites and is associated with synaptic plasticity \[[@CR30]\]. In Alzheimer's disease BC-200 is dysregulated \[[@CR31]\]. Northern blot analysis of RNA extracted from post-mortem brain samples showed that starting from 49 years BC-200 level is decreasing. At 86 years the level of BC-200 is decreased by 65%. The results are consistent with expectations because synaptic plasticity declines with age. In Alzheimer's disease where neuronal function is seriously altered the result was opposite. In the most affected brain areas BC-200 expression level was above control level. In areas not subjected to neurodegeneration BC-200 was normally expressed. In addition, a correlation between the level of BC-200 and disease severity was revealed. The more pronounced were the signs of dementia calculated by CDR scale (Clinical Dementia Rating) -- the higher the level of BC-200 according to northern blot results. Normally BC-200 is evenly distributed in neurons. However, in Alzheimer's disease along with high expression level BC-200 subcellular localization is altered, perinuclear inclusions are formed and BC-200 level in the dendrites is reduced. It is possible that BC-200 upregulation in Alzheimer's disease is a compensatory reaction in response to synaptic plasticity decline. At the first stages of disease progression high levels of BC-200 can compensate the degenerative changes in neurons. But at some point decompensation happens, cellular transport of BC-200 is disrupted and BC-200 starts to form perinuclear inclusions. Although, not all is clear about the role of BC-200 in the pathogenesis of Alzheimer's disease its expression level can serve as a good diagnostic and prognostic marker.

lncRNA may also participate in the pathogenesis of fragile X syndrome -- an X-linked hereditary disorder caused by a trinucleotide CGG expansion in the 5′ UTR of *FMR1* gene. Analysis of *FMR1* genomic locus revealed that besides FMR1 mRNA three more lncRNAs are transcribed from this locus: FMR5 -- a sense lncRNA, which transcribed upstream from FMR1 promoter; FMR6 an antisense lncRNA overlapping with the 3′ region of FMR1 mRNA and FMR4 (FMR1-AS1) another antisense lncRNA that overlap with the CGG expansion region. All these lncRNAs have a different brain transcription pattern in premutation and full mutation conditions \[[@CR32]--[@CR34]\]. FMR5 is expressed in all conditions including normal ones. This means that its expression is independent from FMR1 expression. FMR6 is not expressed in both pre and full mutation conditions. At last, FMR4 has the same expression pattern as FMR1. Knockdown experiments showed that FMR4 possesses an antiapoptotic effect -- downregulation of FMR4 in a cell culture dramatically increased the apoptotic rate \[[@CR33]\]. However, neither knockdown nor overexpression of FMR4 had an influence on FNR1 level which indicates a lack of direct regulation between these two transcripts. All these data shows how complicated the genomic organization of FMR1 locus is. Yet the pathogenic role of the described lncRNAs in fragile X syndrome is still on the agenda.

Mechanisms of hereditary disease pathogenesis involving lncRNA {#Sec4}
--------------------------------------------------------------

LncRNAs can contribute to the development of hereditary diseases by different mechanisms. The most common are the following:Recruitment of chromatin-modifying complexesAntisense transcriptionSplicing regulationmiRNA dependent mechanismRNA-RNA duplex formation

The most common mechanism is recruitment of chromatin-modifying complexes. LncRNA can bind to components of repressive complexes like KCNQ1OT1 \[[@CR35]\] that binds with PRC2.On the other hand, lncRNA can interact with activation complexes like DBE-T in facioscapulohumeral muscular dystrophy progression \[[@CR36]\]. This mechanism of transcriptional regulation can take place not only at the origin of lncRNA transcription but can also regulate the expression of genes located in another genomic locus \[[@CR10]\].

Another mechanism is antisense transcription of lncRNA. In this case the target gene repression occurs when lncRNA is being transcribed from the opposite strand. The transcription of antisense lncRNA is necessary but not sufficient for sense gene repression. Experiments with premature termination of lncRNA transcription showed that repression is not observed if transcription does not occur along the entire target gene. This mechanism is being implemented in Angelman syndrome \[[@CR37]\], pseudohypoparathyroidism type 1b \[[@CR38]\], spinocerebellar ataxia type 7 \[[@CR39]\] and others.

LncRNA can also contribute to disease progression by splicing regulation. Some lncRNA like sno-lncRNA for instance can bind to splicing regulating factors. Their absence changes the normal ratio of these factors and this leads to the development of disease \[[@CR40]\].On the contrary, it is the interaction of lncRNA with different splicing factors that can lead to pathology. The main event in the pathogenesis of spinocerebellar ataxia type 8 is binding of ATXN8OS to alternative splicing factor MBLN1. As a result -- its subcellular localization is disrupted \[[@CR41]\]. Change in normal splicing pattern with the participation of lncRNA is also observed in other diseases, particularly in Alzheimer's disease \[[@CR42]\].

lncRNAs can regulate their target gene expression by a miRNA dependent mechanisms. On one hand, lncRNA can act as a miRNA "sponge" and subsequently lead to a positive regulation of miRNA targets. Thus, the excess or lack of lncRNA can lead to the dysregulation of miRNA targets which in turn can be the cause of the pathologic processes like in the case of Hirschsprung disease \[[@CR43]\]. On the other hand, lncRNAs themselves can be precursors of miRNA and pathogenic variants in this lncRNA can disrupt the biogenesis of miRNA. This mechanism is involved in cartilage-hair hypoplasia \[[@CR44]\].

An example of post-transcriptional regulation mechanism is RNA-RNA duplex formation. Duplex formation can both repress translation and stabilize the mRNA protecting it from degradation and this way positively regulating its level in the cell. This mechanism takes place in Alzheimer's disease where BACE1-AS binds to BACE1 mRNA which leads to beta-secretase upregulation. As a result -- the amount of amyloid beta is increased \[[@CR45]\].

Well studied lncRNA and their role in hereditary disease pathogenesis {#Sec5}
---------------------------------------------------------------------

The last group are lncRNAs whose role in the progression of hereditary disease is established. Therefore this group is of the greatest interest. To date 15 hereditary diseases can be included in this group in the pathogenesis of which lncRNA plays an important role (Table [1](#Tab1){ref-type="table"}.)Table 1LncRNA participating in the pathogenesis of human hereditary diseasesDiseaseLncRNAMechanismreference1. Angelman syndromeUBE3A-ATSAntisense transcription\[[@CR37]\]2. Prader-willi syndromesno-lncRNAsSplicing regulation\[[@CR40]\]3. Beckwith-Wiedemann syndromeKCNQ1OT1Recruitment of chromatin-modifying complexes\[[@CR36]\]; \[[@CR59]\]4. Silver-Russell syndromeH19Recruitment of chromatin-modifying complexes; miRNA dependent mechanism\[[@CR51]--[@CR58]\]5.Pseudohypoparathyroidism type 1bA\\S-1Antisense transcription\[[@CR63], [@CR64]\]A\\BAntisense transcription\[[@CR61], [@CR62]\]6. Alzheimer diseaseBACE1-ASRNA-RNA duplex formation\[[@CR45]\]LPR1-ASRecruitment of chromatin-modifying complexes\[[@CR68]\]51АSplicing regulation\[[@CR42]\]17АSplicing regulation\[[@CR73]\]ciRS −7miRNA dependent mechanism\[[@CR75]--[@CR77]\]7. Huntington diseaseHTTASmiRNA dependent mechanism\[[@CR79]\]8. Spinocerebellar ataxia type 7SCAANT1Antisense transcription\[[@CR39]\]lnc-SCA7miRNA dependent mechanism\[[@CR83]\]9. Spinocerebellar ataxia type 8ATXN8OSSplicing regulation\[[@CR41]\]10. Facioscapulohumeral muscular dystrophyDBE-TRecruitment of chromatin-modifying complexes\[[@CR36]\]11. Spinal muscular atrophySMN-AS1Recruitment of chromatin-modifying complexes\[[@CR97]\]12. Alpha thalassemiaLUC7Antisense transcription\[[@CR99]\]13. Opitz-Kaveggia syndromencRNA-aRecruitment of chromatin-modifying complexes\[[@CR102]\]14. Hirschsprung diseasecir-ZNF609miRNA dependent mechanism\[[@CR43]\]15. Cartilage-hair hypoplasiaRMRPmiRNA dependent mechanism\[[@CR44]\]

Angelman syndrome (OMIM 105830) {#Sec6}
-------------------------------

Angelman syndrome is a complex imprinting disorder characterized by intellectual disability, severe speech impairment, seizures and specific excitable demeanor. The cause of this syndrome in 60--70% of cases is deletion of 15q.11--13 region on the maternal chromosome (Fig. [1a](#Fig1){ref-type="fig"}). Other less frequent causes is uniparental disomy of paternal origin (2--5%) and pathogenic variants in *UBE3A* gene (20%). All these mechanisms eventually lead to a lack of expression of *UBE3A* gene that encodes for a E3 ubiquitin-ligase which is normally expressed in neurons only from the maternal allele.Fig. 1The organization and normal expression pattern of imprinted regions. Arrows indicate active promoters and direction of transcription. The paternal chromosome is marked in blue, in red -- the maternal. Methylated imprinting center is indicated by a shaded circle. **a** - SNRPN-UBE3A region 15q11-q13. **b** -- KCNQ1; IGF2/H19 region 11p15. **c** -- GNAS region20q13.3

Recent studies discovered UBE3A-ATS -- an antisense lncRNA transcribed from the opposite strand. UBE3A-ATS is a part of a bigger transcript whose transcription start site (TSS) is located upstream to the imprinting center (IC) \[[@CR46]\]. Yamasaki et al. showed in their work that UBE3A-ATS is expressed only from the paternal allele, the one in which the sense gene is imprinted \[[@CR47]\]. This reciprocal expression pattern allowed to make an assumption about the direct participation of UBE3A-ATS in suppressing the transcription of UBE3A on the paternal chromosome.

The hypothesis was experimentally confirmed using a mouse model \[[@CR37]\]. Authors showed that deletion of the UBE3A-ATS promoter leads to the activation of UBE3A on the paternal chromosome. To confirm that the transcription of UBE3A-ATS is necessary for the repression of UBE3A an experiment in mouse derived neurons containing premature termination signals for UBE3A-ATS on the paternal chromosome was performed. In this model UBE3A-ATS level was decreased whereas UBE3A expression level was increased.

In 2015 a new paper was published in which a promising therapeutic approach was developed and tested in-vivo on a mice model of Angelman syndrome. Using antisense oligonucleotide (ASO) against UBE3A-ATS authors tried to activate the expression of UBE3A from the intact paternal allele. Eventually, UBE3A expression has reached 66--90% level in-vitro and 30--50% in-vivo compering to the wild-type (WT) UBE3A expression level. Moreover, in-vivo experiments in mice showed that ASO treatment ameliorated some disease-associated symptoms \[[@CR48]\].

Prader-willi syndrome (OMIM 176270) {#Sec7}
-----------------------------------

Another imprinting disorder that is caused by deletion of the same 15q11--13 region but on the paternal chromosome is Prader-willi syndrome. Obesity, intellectual disability, hypotonia and hypogonadism are often observed in this syndrome. The minimal deletion region described in Prader-willi patients spans 108 kb and contains a cluster of small nucleolar RNAs (snoRNAs) SNORD116 \[[@CR49]\]. snoRNAs are small RNA that are involved in tRNA, rRNA and snRNA modification. Analyzing the non-polyadenylated RNA fraction that is transcribed from SNORD116 region a new class of lncRNA was discovered -- sno-lncRNAs. This lncRNAs contains snoRNA sequences from both ends. In-silico a large number of splicing factor FOX2 binding sites were predicted in sno-lncRNA sequence. FOX2 immunoprecipitation with subsequent RT-PCR analysis confirmed the direct binding of FOX2 to sno-lncRNA. The absence of sno-lncRNA was showed to alter the normal splicing pattern in cells \[[@CR40]\].

In summary, the mechanism for Prader-Willi syndrome pathogenesis was proposed. When the SNORD116 cluster on the paternal chromosome is deleted and sno-lncRNA are absent, an excess of free FOX2 in the cells leads to a global alteration of splicing and this in turn leads to the development of disease (Fig. [2a](#Fig2){ref-type="fig"}).Fig. 2Pathogenesis schemes of inherited disease in which lncRNA participate. **a** -- Deletion of SNORD116 snoRNA cluster leads to the absence of sno-lncRNA which normally binds to FOX2 splicing factor. The absence of sno-lncRNA results in excess of free FOX2 and splicing alteration leading to Prader-Willi syndrome. **b** -- in Alzheimer's disease stress conditions lead to upregulation of BACE1-AS lncRNA. BACE1-AS forms an RNA duplex with BACE1 mRNA stabilizing it. As a result the level of BACE1 is increased, which is involved in the formation of amyloid plaques leading to disease progression. **c** -- CAG repeat expansion in the *Ataxin-7* gene in spinocelebellar ataxia type 7 leads to disruption of CTCF binding leading to SCAANT1 downregulation. SCAANT1 negatively regulates Ataxin-7 level and when SCAANT1 expression is decreased the level of cytotoxic Ataxin-7 is upregulated. **d** -- Decrease in the number of D4Z4 repeats below 11 as a result of deletion leads to disruption of PcG binding to chromatin and transcription activation of DBE-T lncRNA occurs. DBE-T recruits Ash1L protein to chromatin, activating the transcription of nearby genes whose products possess high myopathic potential

Beckwith-Wiedemann (OMIM 130650) and silver-Russell syndrome (OMIM 180860) {#Sec8}
--------------------------------------------------------------------------

11p15.5 is another imprinted genomic region. Two imprinting centers (IC1 and IC2) are present in this region, both containing lncRNA genes. Imprinting disruption in the 11p15.5 region can lead to Beckwith-Wiedemann and Silver-Russell syndromes. These syndromes have opposite phenotypes: the Silver-Russell syndrome is characterized by a significant growth retardation, dwarfism and general development delay. Whereas in Beckwith-Wiedemann syndrome accelerated growth, macrosomia and an increased risk of oncological processes are the main symptoms. Wherein the main cause of Silver-Russell syndrome is hypomythelation of IC1 (37--63% of cases) in Beckwith-Wiedemann syndrome hypomythelation of IC2 (50--60% of cases) or hypermythelation of IC1(5--10% of cases) is present \[[@CR50]\].

The first IC in 11p15.5 region is located between two genes: a protein-coding gene *IGF2* and a lncRNA gene *H19*. In normal conditions this IC is methylated on the paternal chromosome. The methylation of IC1 spreads to the *H19* promoter which represses H19 transcription. On the other hand, decreased methylation rate in IC1 leads to binding with an insulator CTCF. This binding blocks the interaction of the *IGF2* promoter with its enhancer and *IGF2* expression is decreased. Thereby, IC1 hypomethylation leads to upregulation of H19 and repression of IGF2 transcription leading to growth and developmental delay.

For investigation of the role of H19 in growth retardation transgenic mice were obtained carrying a heterozygous H19 deletion on the maternal chromosome (H19^Δ3mat/+^). These mice demonstrated elevated IGF2 levels and accelerated growth rates. However, in this condition it is difficult to distinguish in-cis effects that arise due to a change in the structure of the locus from the effects of the H19 lncRNA itself. Therefore, the authors created another mice strain expressing H19 in another genomic locus (Tg24). H19^Δ3mat/+;Tg24^ mice had a WT phenotype with a normal Igf2 expression level. This proves that the expression of H19 itself (regardless of the genomic context) leads to suppression of Igf2 expression \[[@CR51]\]. In addition, H19 was showed to regulate the expression of several genes necessary for embryonic growth and development such as *Cdkn1c*, *Igf2r, Dcn*, *Dlk1*, *Rtl1*, *Gnas*, *Peg3 Slc38a4* \[[@CR51], [@CR52]\]*.* One of the mechanisms of this regulation is binding of H19 lncRNA with MBD1 protein and its recruitment to the genes functional elements. As a result, methylation of these regions occurs which leads to repression of the corresponding genes transcription \[[@CR52]\]. Moreover, H19 can also bind to PRC2 complex -- a repressive complex that inhibits transcription by histone methylation \[[@CR53]\]. Additionally, H19 interacts with IMP-1(IGF-II mRNA-binding protein) protein, which in turn controls the translation of IGF2 mRNA and thereby regulates IGF2 on the posttranscriptional level \[[@CR54]\]. Besides binding with proteins H19 is a precursor for miR-675 in neurons which regulates many genes by RNA interference mechanism \[[@CR55], [@CR56]\]. Furthermore, H19 can act as a competitive endogenous RNA (ceRNA) which binds with miRNA and thereby positively regulates its targets \[[@CR57]\].

The second imprinting center is located in the 10 intron of *KCNQ1* gene and contains the promoter of KCNQ1OT1 lncRNA (Fig. [1b](#Fig1){ref-type="fig"}). KCNQ1OT1 is expressed only from the paternal allele. Nevertheless, in 50% of Beckwith-Wiedemann syndrome sporadic loss of methylation in IC2 is observed and KCNQ1OT1 expression becomes biallelic while the transcription of nearby genes is absent. Analyzing KCNQ1OT1 function and its role in the development of Beckwith-Wiedemann syndrome using RNA immunoprecipitation (RIP) has shown that KCNQ1OT1 binds with PRC2 complex and DNA methyltransferase Dnmt1 \[[@CR58]\] which leads to repression of neighboring gene transcription including *Cdkn1c, Kcnq1, Slc22a18 и Phlda2*. Biallelic repression of these genes plays a key role in the development of Beckwith-Wiedemann syndrome.

Pseudohypoparathyroidism type 1b (OMIM 603233) {#Sec9}
----------------------------------------------

Pseudohypoparathyroidism type 1b (PHP 1b) is an imprinting disorder involving the GNAS region of the 20 chromosome. This is a rare autosomal-dominant disease with a predominantly light course. The main clinical symptoms is tolerance to the action of parathyroid hormone in the proximal tubules of the kidney, with its elevation in blood, which is accompanied by a decrease in the level of calcium and an increase in the level of phosphorus in the blood plasma. The molecular basis of PHP is the absence of *GNAS* gene expression, which encodes for the stimulatory alpha subunit of a G protein (Gsα). Gsα is necessary for signal transduction of parathyroid hormone in the proximal tubule in the kidney. When Gsα is missing tolerance to parathyroid hormone develops which leads to PHP. *GNAS* is expressed from both alleles in most tissues, however in the proximal tubules, thyroid gland and in the pituitary *GNAS* is expressed only from the maternal allele \[[@CR59], [@CR60]\].

GNAS region includes three overlapping, imprinted protein-coding genes (*GNAS*, *GNAS-XL*, *NESP55)* and two lncRNA genes (*A\\S-1* (*Nespas* in mice), *A\\B)* (Fig. [1c](#Fig1){ref-type="fig"}). The lncRNA genes are also imprinted and expressed only from the paternal chromosome. Experiments in a mouse model revealed that transcription of A/B lncRNA represses the expression of GNAS in-cis \[[@CR61], [@CR62]\]. A/S-1 is transcribed in the antisense direction with respect to the *NESP55* gene and is also involved in repression of NESP55 in-cis \[[@CR63]\]. Previous works have shown that *NESP55* transcription in mice oocytes leads to the establishment of the methylation status of nearby genes, in particular A\\S-1 and A\\B \[[@CR38]\]. At the same time NESP55 premature transcription termination did not lead to this effect. It means that the transcription of *NESP55* is necessary to establish a normal pattern of methylation of neighboring genes.

The role of lncRNA in the development of PHP 1b was investigated in the works of Chillambhi et al. where a deletion of exons 3 and 4 of A/S1 lncRNA on the maternal chromosome was described in a patient with PHP 1b \[[@CR64]\]. Analysis of the methylation status of gene promoters in the GNAS region using combined bisulfite restriction analysis (COBRA) showed that as a result of this deletion methylation of the *NESP55* gene promoter on the maternal chromosome occurs. At the same time A\\S-1 transcription activation was observed. Thus, deletion of exons 3 and 4 of A/S1 lncRNA leads to the activation of A/S-1 transcription on the maternal chromosome. A/S-1 transcription represses NESP55 and as a result in oocytes the promoter of A/B gene is not being methylated. Later, biallelic expression of A/B leads to repression of the *GNAS* gene in the kidney tubules and the clinical picture of PHP 1b develops.

Alzheimer's disease (OMIM 104300) {#Sec10}
---------------------------------

Alzheimer's disease -- the most common form of age-related dementia -- a neurodegenerative disease characterized by impaired memory, speech, and cognitive decline. The disease is developed due to neuron damage caused by accumulation of amyloid beta and aggregation of tau protein inside the cells. There is a familial form of Alzheimer's disease caused by heterozygous pathogenic variants in *APP* gene which encodes for amyloid precursor protein. The formation of amyloid plaques in Alzheimer's disease starts with hydrolysis of the APP protein in its beta site by the protease BACE1 (Beta-secretase 1). Subsequent cleavage by the gamma-secretase leads to the formation of amyloid beta whose oligomers form the amyloid plaque.

From the antisense strand of the BACE1 locus (11q23.3) a conservative lncRNA BACE1-AS is transcribed. BACE1-AS contains a region of 106 nucleotides that is fully complementary to exon six of BACE1 mRNA. In the work of Faghihi et al. the mechanism of BACE1-AS regulation and its role in Alzheimer's disease was investigated \[[@CR45]\]. Authors showed that BACE1-AS knockdown decreased not only the lever of BACE1-AS itself, but also led to BACE1 downregulation. BACE1-AS overexpression led to upregulation of BACE1 on both the RNA and the protein level. These observations clearly indicated a mechanism of positive antisense regulation. RNAse protection assay (RPA) proved that BACE1 and BACE1-AS forms a RNA duplex which stabilizes BACE1 mRNA.

It is known that various cellular stress condition such as oxidative stress plays an important role in Alzheimer's disease \[[@CR65]\]. Different exposures of HEK-SW cells to hyperthermia, serum fasting, high H2O2 content leads to an increase in the expression level of both BACE1 mRNA and BACE1-AS lncRNA. In addition, it was shown that the presence of amyloid beta itself in the extracellular environment leads to an increase in the level of BACE1-AS.

Expression analysis of the affected brain areas in a post-mortem sample of patients with Alzheimer's disease revealed a 2--6 fold increase in the level of both BACE1 and BACE1-AS, compared to age-related controls. Thus, in Alzheimer's disease, cellular stresses lead to an increase in BACE1-AS expression, which stabilizes BACE1 mRNA and increases the level of beta-secretase this results in more amyloid plaque formation which further increases the level of BACE1-AS closing the vicious circle (Fig. [2b](#Fig2){ref-type="fig"}).

LRP1 (Low-density lipoprotein receptor-related protein 1) is a protein that is involved in the pathogenesis of Alzheimer's disease. Recent works showed that along with the regulation of cholesterol transport, this protein participates in the systemic clearance of beta-amyloid and that low LRP1 expression level is associated with the disease progression \[[@CR66], [@CR67]\]. In the work of Yamanaka Y et al. an antisense lncRNA LPR1-AS was discovered to negatively regulate LRP1 level \[[@CR68]\]. RNA-Affinity chromatography with in-vitro transcribed full-length LRP1-AS showed that this lncRNA directly binds to chromatin-associated protein HMGB2. Moreover, LRP1-AS and LRP1 mRNA form an RNA-RNA duplex and the HMGB2 binding site located in the overlapping region of the two transcripts. It is known that the HMGB2 protein binds to SREBPs (Sterol regulatory element-binding proteins) \[[@CR69]\] a family of transcription factors that regulate the expression of genes involved in lipid metabolism \[[@CR70]\] and *LRP1* is one of them. The interaction between LRP1-AS and HMGB2 disrupts SREBP-dependent transcription of *LRP1*. As a result LRP1 level is decreased as observed in Alzheimer's disease. LRP1-AS knockdown as well as blockage of its binding site using ASO leads to upregulation of LRP1. This can be used in the future as a therapeutic approach in Alzheimer's disease treatment.

Another participant in Alzheimer's disease pathogenesis is SORL1 (Sortilin-related receptor 1) protein. SORL1 level is decreased in brain samples of patients with Alzheimer's disease and knockout of *SorLA* leads to amyloid plaque accumulation in mice brains \[[@CR71]\]. SORL protein interacts with APP protein and regulates its cellular transport and proteolysis \[[@CR71], [@CR72]\]. Although the detailed mechanism remains unclarified there is convincing evidence showing that a decrease in SORL expression can lead to the development of Alzheimer's disease. Later, an antisense lncRNA 51A was detected in this locus. It has been demonstrated that it affects the splicing of SORL1 pre-mRNA by reducing the level of the canonical isoform A but not affecting the expression level of the B and F isoforms which in turn leads to a decrease in the level of the full-length SORL protein. In addition, 51A overexpression in neuronal cell lines leads to amyloid-beta accumulation \[[@CR42]\].

17A -- a lncRNA that is transcribed from the *GABBR2* gene locus also plays a role in the development of Alzheimer disease. *GABBR2* encodes for a subunit 2 of gamma-aminobutyric acid type B receptor. 17A similarly to 51A affects GABBR2 pre-mRNA splicing, decreasing the level of the full-length protein isoform which in turn reduces GABAergic signaling in the brain. Moreover, 17A overexpression increases amyloid beta secretion in a human neuroblastoma cell line \[[@CR73]\].

Last but not least circular RNA ciRS-7 (circular RNA sponge for miR-7) also known as CDR1-AS (cerebellar degeneration related antigen 1-antisense) plays a role in Alzheimer's disease by miRNA-dependent mechanism. ciRS-7 is highly expressed in the brain \[[@CR74]\] and in sporadic Alzheimer's disease ciRS-7 expression level is reduced in the cortex and in the hippocampus \[[@CR75]\]. This is associated with an elevated level of miR-7 for which ciRS-7 acts as a "sponge" \[[@CR76]\]. High miR-7 level leads to downregulation of its targets which are involved in ubiquitin-dependent amyloid-beta degradation \[[@CR75]\]. Also in-vitro experiments showed that ciRS-7 promotes both proteasome and lysosomal degradation of BACE1 and APP thereby reducing amyloid-beta levels \[[@CR77]\].

Huntington's disease (OMIM 143100) {#Sec11}
----------------------------------

Huntington's disease is an autosomal dominant progressive neurodegenerative disease with a late onset manifested by extrapyramidal symptoms and cognitive impairment. The expansion of CAG repeat in *HTT* gene drives translation of a mutant protein with an enlarged polyglutamine tract with cytotoxic effect which leads to disease. At normal conditions the number of repeats varies from 9 to 36 and in patients the number of CAG repeats is more than 37 \[[@CR78]\].

HTTAS (huntingtin antisense) is an lncRNA that is transcribed from the opposite strand to *HTT* gene \[[@CR79]\]. RACE-PCR (Rapid amplification of cDNA ends) analysis showed that there are two isoforms of this non-coding RNA of which HTTAS_v1 is of the greatest interest. The first exon of this non-coding RNA contains the CAG repeats region. Knockdown and overexpression of HTTAS_v1 demonstrated a negative regulation of HTT mRNA. Therefore, when the expression of HTTAS_v1 decreases an increase in HTT expression occurs which leads to disease aggravation. In addition, it was shown that the expression level of the antisense RNA depends on the length of the CAG repeat: the greater the number of repeats -- the lower the expression. Moreover, authors showed that negative regulation of HTT is partially Dicer dependent. Experiments in dicer depleted mice stem cells overexpressing HTTAS_v1 showed no change in HTT level. Nevertheless, when increasing the CAG repeats number this effect was nullified.

Spinocerebellar ataxia type 7 (OMIM 164500) {#Sec12}
-------------------------------------------

Spinocerebellar ataxia type 7 (SCA7) is an autosomal-dominant hereditary disease characterized by progressive cerebellar ataxia and pigmentary degeneration of the retina. SCA7 typically has late onset and the clinical signs can be very variable. SCA7 is also a repeat expansion disorder caused by CAG expansion in the *ATXN7* gene, located on the short arm of chromosome 3 (3p14). *ATXN7* encodes for the Ataxin-7 protein that normally contains a polyglutamine tract of 4--35 amino acids in length in normal conditions and 37--400 during disease state \[[@CR80]\]. Ataxin-7 is an important component of the transcription coactivation complex STAGA. An increased polyglutamine tract length decreases STAGA complex activity which is associated with SCA7 \[[@CR81]\].

The CAG repeat is located in the first coding exon of *ATXN7* -- exon 3 which is flanked from both sides by CTCF insulator binding sites \[[@CR82]\]. Analyzing Ataxin-7 regulation mechanism Sopher et al. described an antisense lncRNA -- SCAANT1 (spinocerebellar ataxia-7 antisense noncoding transcript 1) which overlaps with *ATXN7* alternative promoter \[[@CR39]\]. SCAANT1 negatively regulates ATXN7 mRNA level and it was observed that patients with longer CAG repeats had lower SCAANT1 expression levels. Experiments on mice showed that the binding of CTCF is necessary for the transcription of the antisense lncRNA, substitutions in CTCF binding site dramatically decreased SCAANT1 expression.

Summarizing the results the authors proposed a mechanism for *ATNX7* regulation in normal conditions and in SCA7. When the CAG repeat has normal length binding of CTCF leads to activation of SCAANT1 transcription which in turn inhibits the expression of Ataxin-7. With an increased CAG repeat or with a decreased level of CTCF expression SCAANT1 expression declines and the level of Ataxin-7 increases which leads to clinical manifestations of SCA7 (Fig. [2c](#Fig2){ref-type="fig"}).

Another lncRNA involved in SCA7 pathogenesis is lnc-SCA7 \[[@CR83]\]. Recent work showed that lnc-SCA7 positively regulates Ataxin-7 levels. Knockdown of lnc-SCA7 led to a decrease of Ataxin-7 and an opposite effect was observed in overexpression conditions. Based on the cytoplasmic localization of lnc-SCA7 authors suggested that lnc-SCA7, similar to other lncRNAs \[[@CR84]\], can regulate Atxn7 on the post transcriptional level acting as ceRNA for miRNA that target Atxn7. To test this hypothesis an experiment was performed on mouse embryonic stem cells carrying a homozygote deletion of the Dicer1 (DcrΔ / Δ) gene the protein product of which is involved in the biogenesis of miRNA in mammals. Knockdown of lnc-SCA7 in these cells did not lead to a change in Atxn7 level whereas in control cells the Atxn7 level was significantly decreased. Thus, it was confirmed that Atxn7 regulation is mediated by miRNA. From all miRNAs that are expressed in the brain only miR-16 and miR-124 contain binding sites for both Atxn7 and lnc-SCA7. Inhibition and overexpression of these miRNAs showed that only miRNA-124 regulates Atxn7 and lnc-SCA7 levels. As authors showed, knockdown of lnc-SCA7 reduced not only the level of Atxn7, but also the level of pre-miR-124 which was due to a decrease in the activity of the STAGA complex where Ataxin-7 is an important component.

Thereby, when Ataxin-7 protein contains a normal polyglutamine track STAGAs complex activity is not altered and pre-miR-124 level is not changed. Lnc-SCA7 competes with Atxn7 for binding with miR-124 and thus positively regulates its level. The increased polyglutamine tract in Atxn7 disrupts the normal function of the STAGA complex in SCA7. The level of miRNA-124 decreases which leads to a significant increase in the level of both lnc-SCA7 and Atxn7 which in turn leads to the development of disease. Moreover, authors were able to explain the tissue specific lesions in SCA7 by showing that miR-124 expression is higher in the cerebellum and the retina than in other tissues. Respectively, Atxn7 regulation mechanism is more pronounced in these tissues.

Spinocerebellar ataxia type 8 (OMIM 608768) {#Sec13}
-------------------------------------------

Spinocerebellar ataxia type 8 (SCA8) is an autosomal-dominant neurological disorder with late onset, incomplete penetrance and with the cerebellum being affected predominantly. The main clinical symptoms are spastic dysarthria, nystagmus, impaired gait and change on vibration sensitivity. SCA8 develops due to CTG expansion in the lncRNA gene *ATXN8OS*. A normal allele contains 15--50 CTG repeats whereas a pathogenic allele can contain 71 to 1300 repeats \[[@CR85]\]. Moreover, an increase in the number of CAG repeats in the *ATXN8* gene occurs on the complementary strand. This gene encodes for a small protein which consists mostly of glutamine amino acid. Hence, the pathogenesis of SCA8 involves gain-of-function pathogenic variants on both the RNA and the protein level.

In the first place, an expansion in *ATXN8OS* was initially described. Analysis of *ATXN8OS* sequence did not reveal any potential open reading frames (ORFs) Therefore, it was proposed that the cause of SCA8 is pathogenic variants with gain-of-function on the RNA level \[[@CR86]\]. Using transgenic mice bearing CTG repeats of increased or normal length on a bacterial artificial chromosome (BAC) it was shown that only mice with an increased CTG repeat demonstrate a neurological phenotype. Functional analysis of cerebellum neurons in affected mice showed disruption in GABAergic inhibition. A more detailed analysis showed that a small open reading frame in the *ATXN8* gene on the opposite strand in the CAG orientation could be translated. Immunohistochemistry with monoclonal antibodies showed positive inclusions only in the experimental group of mice. Thus, the role of previously undescribed ATXN8 protein in the pathogenesis of SCA8 was confirmed \[[@CR87]\].

Daughters et al. in his work demonstrated the role of ATXN8OS lncRNA in SCA8 pathogenesis \[[@CR41]\]. RNA-FISH with Cy5-labeled (*CAG*)~10~ probes showed the presence of ribonuclear inclusions in the cerebellum of affected patients and mice bearing BAC with increased CTG repeats. Combining RNA-FISH data with immunohistochemistry authors showed the colocalization of ATXN8OS with MBLN1 protein. MBLN1 is an alternative splicing factor whose cellular localization is disrupted in SCA8 which leads to an alteration of normal splicing pattern in the cells. One of the genes that were upregulated due to Mbln1 alteration in mice is Gabt4 a GABA transporter whose upregulation can lead to changes in GABAeric signaling similar to the changes detected in previous works. Brain samples from patients with SCA8 confirmed the high level of GABT4 in humans as well.

Facioscapulohumeral muscular dystrophy (OMIM 158900) {#Sec14}
----------------------------------------------------

Facioscapulohumeral muscular dystrophy (FSHD) is considered to be the third most common form of muscular dystrophy after Duchene muscular dystrophy and myotonic dystrophy and characterized by a progressive loss of muscular strength in the upper limb and facial muscles. In more than 95% of cases, FSHD is associated with a deletion of a 3.3 kb macrosatellite D4Z4 repeat in the subtelomeric region 4q35. The numbers of D4Z4 repeats are highly polymorphic with 11--150 repeats found in healthy individuals. The disease develops if the number of D4Z4 units drops below 11. D4Z4 repeats are normally in heterohromatic state and are associated with the repressive histone mark H3K27me which in turn is associated with the repressive PRC2 complex. In FSHD patients a decrease in histone H3K27me methylation is observed and is linked to transcription derepression of genes located in the 4q35 region \[[@CR88], [@CR89]\]. One of the ectopically expressed genes is *DUX4*, a transcriptional factor, whose expression in myotubes in FSHD patients leads to activation of caspase 3/7 and apoptosis \[[@CR90]\]. In addition, the D4Z4 repeats contain the DBE (D4Z4 binding element) sequence, a site necessary for PRC2 complex binding.

DBE-T (DBE-Transcript) is an lncRNA that is transcribed from the terminal D4Z4 repeat only in FSHD patients and is associated with 4q35 genes derepression. Chip-seq in disease state showed an increase in Ash1L binding to 4q35 region, a component of TrxG complex which is a PRC2 antagonist. However, knockdown of Ash1L did not lead to changes in chromatin state in the 4q35 region. Analyzing the role of DBE-T in this process a direct interaction of DBE-T and Ash1L protein was detected \[[@CR36]\].

Therefore, in FSHD a truncation in the number of D4Z4 repeats decreases PRC2 binding to this genomic region. As a result DBE-T transcription is activated. DBE-T binds with Ash1L and recruits it to the D4Z4 locus leading to the activation of transcription of genes in the 4q35 region, including *DUX4* which has a high myopathic potential. High level of DUX4 in FSHD patients leads to muscle cell death and disease onset (Fig. [2d](#Fig2){ref-type="fig"}).

Spinal muscular atrophy (OMIM 253300) {#Sec15}
-------------------------------------

Spinal muscular atrophy (SMA) is an autosomal-recessive hereditary disease characterized by progressive loss of neurons in the anterior horns of the spinal cord leading to muscle weakness and atrophy \[[@CR91]\]. The molecular diagnosis is established when biallelic pathogenic variants, most commonly deletions of *SMN1* (Survival Motor Neuron 1), are observed \[[@CR92]\]. SMA is classified depending on disease onset. In humans duplication of *SMN1*gene results in the formation of *SMN2* gene, whose sequence is almost identical to *SMN1*. Nevertheless, *SMN2* contains a substitution in exon 7 that disrupts an exonic splicing enhancer and leads to skipping of the seventh exon. As a result, a truncated and unstable protein is formed. Despite this, about 10--20% of SMN2 mRNA is correctly spliced and a mature protein is formed that is identical to the product of the *SMN1* gene \[[@CR93], [@CR94]\]. At the same time, the number of *SMN2* gene copies in the human genome can vary and an increased number of *SMN2* genes is associated with a milder phenotype \[[@CR95]\].

SMA type 1with one or two copies of the *SMN2* gene has the most early onset and most severe phenotype often leading to death before the age of two. In SMA type 3 and 4, patients harbor three and more copies of *SMN2* gene and therefore has a more late onset and less rapid disease progression \[[@CR96]\]. Thereby, methods aimed at increasing the endogenous level of SMN2 can lead to a significant improvement in the condition of patients with SMA.

Analyzing Chip-seq data from ENCODE project showed that the PRC2 complex is interacting with the SMN2 genomic locus. Knockdown of EZH1 аnd EZH2 components of the PRC2 complex, in patient derived fibroblasts led to a two-fold increase in SMN full-length mRNA levels \[[@CR97]\].

Previous works showed that mouse *Smn* gene has an antisense lncRNA transcribed from the opposite strand that interacts with PRC2 \[[@CR53]\]. Investigating the possible presence of the same lncRNA in humans a new lncRNA transcribed from the SMN locus was discovered which was called SMN-AS1 (SMN-Antisense 1). Because of the high homology between *SMN1* and *SMN2* loci it was suggested that SMN-AS1 is transcribed from both loci. SMN-AS1 level highly correlates with the amount of *SMN2* genes and RNA-FISH analysis showed that SMN-AS1 colocalize with SMN pre-mRNA in the nucleus. RIP confirmed the direct interaction of SMN-AS1 with PRC2 complex which was further validated using RNA-EMSA (RNA electrophoretic mobility shift assay). Thereby it was shown that SMN-AS1 negatively regulates SMN mRNA level recruiting the PRC2 complex.

LNA-modified ASO complementary to the binding site of SMN-AS1 to PRC2 transfected to fibroblast from patients with SMA led to almost 6 fold increase in full-length SMN mRNA. At the same time, the effect of ASO treatment was very specific and had little effect on the global interactions of PRC2 in the cell and almost did not have any influence on neighboring genes expression levels. Similar results were obtained in neurons where SMN is highly expressed. 14 days exposure of neurons to ASO against SMN-AS1 increased the level of full-length SMN mRNA by two times. At the same time, ASO treatment was not cytotoxic and had no influence on cell morphology. Using ASO targeting SMN-AS1 together with a splicing corrector the use of which leads to an increase in exon 7 inclusion in SMN2 mRNA led to an additional two-fold increase in SMN2 level in neurons derived from mice harboring only *SMN2* gene. These results demonstrated that combination of these two approaches could have a maximum therapeutic effect.

Alpha thalassemia (OMIM 141800, 141,850) {#Sec16}
----------------------------------------

Alpha thalassemia is a hemoglobinopathy that leads to aberrant formation of hemoglobin alpha chains in erythrocytes. The disease can be caused by pathogenic variants in *HBA1* (OMIM 141800) or *HBA2* (OMIM 141850) genes located in the telomeric region of the short arm of chromosome 16. Clinical symptoms can be very diverse from asymptomatic carriage, to severe forms with severe anemia, splenomegaly and jaundice \[[@CR98]\]. In Tufarelli et al. a new deletion was described affecting the *HBA1* gene and 13 kb in the 3′ direction \[[@CR99]\]. The deletion did not affect the *HBA2* gene, however the patient had clinical signs of anemia. Authors showed that despite the fact that the *HBA2* gene was intact its promoter was methylated and its expression was absent. It was shown that the deletion led to the formation of a truncated LUC7L transcript. Usually this is a protein-coding gene that is expressed from the opposite to *HBA2* gene strand. The described deletion disrupted both LUC7L transcription termination and its protein-coding potential. From a protein-coding transcript it became an lncRNA whose transcription continued until the *HBA2* gene promoter and led to its methylation and transcription repression. A transgenic mice model containing a construction with *HBA2* and *LUC7L* genes in different orientations demonstrated that only cis-antisense transcription is sufficient for HBA2 repression.

Opiz-Kaveggia syndrome (OMIM 305450) {#Sec17}
------------------------------------

Opiz-Kaveggia syndrome also known as the FG syndrome is an X-linked recessive disorder whose main features are intellectual disability, hypotonia, behavior problems, distinct facial phenotype and often agenesis of the corpus callosum. Opiz-Kaveggia syndrome is associated with hemizygous pathogenic variants in the *MED12* gene located at the short arm of chromosome X (Xp13). MED12 is one of the subunits of the mediator -- a multiprotein complex that functions as a transcriptional coactivator interacting with transcriptional factors and RNA polymerase II. The MED12 subunit is associated with both activation and repression of transcription \[[@CR100]\].

There is a class of lncRNAs called activating non-coding RNA (ncRNA-a) with enhancers like function that are involved in transcription activation in-cis of neighboring genes \[[@CR101]\]. Lei et al. demonstrated the interaction between the mediator complex and ncRNA-a and how disruption of this interaction lead to the development of Opiz-Kaveggia syndrome \[[@CR102]\]. Decreasing the level of different transcription activators authors investigated the role of their knockdown on ncRNa-a level.

Only knockdown of the mediator MED12 subunit led to a profound decline in the level of ncRNA-a7. RIP experiments using antibodies to MED12 showed that it directly binds to ncRNA-a7, ncRNA-a1 and ncRNA-a3 that also act as cis-regulators of transcription \[[@CR101]\]. Further experiments showed that pathogenic variants associated with Opiz-Kaveggia syndrome do not affect the mediator subunit assembly and their cooperation with each other, but reduces the binding of MED12 to ncRNA-a1 and ncRNA-a3. Chromatin immunoprecipitation (ChIP) with MED12 antibodies revealed the binding of MED12 to the promoter regions of ncRNA-a genes and their targets.

In Opiz-Kaveggia syndrome pathogenic variants in the mediator subunit MED12 disrupt the binding of mediator complex to a unique class of lncRNAs- ncRNA-a, which in normal conditions are involved in recruiting the mediator to its targets. In the absence of this interaction, the transcription of mediator target genes is repressed which leads to the development of disease.

Hirschsprung disease (OMIM 142623) {#Sec18}
----------------------------------

Hirschsprung disease (HSCR) -- a congenital disorder characterized by a violation of innervation of the intestine due to aganglionosis of the myenteric (Auerbach's) and submucosal (Meissner's) neural plexus of the colon. This condition is developed as a result of a defect in neural crest enteral cell migration along the intestine and is manifested by persistent constipation. The severity of HSCR depends on the length of the aganglionic segment of the colon. The main treatment method is surgical -- resection of the aganglionic segment with a formation of a colorectal anastomosis. HSCR prevalence is approximately 1:5000 and is 4 times more frequent in men \[[@CR103]\]. HSCR can be associated with different conditions such as Down syndrome, pathogenic variants in protein-coding genes or dysregulation of miRNA regulation cell migration and proliferation.

A recent paper demonstrated the role of circular lncRNA in HSCR pathogenesis \[[@CR43]\]. Circular lncRNas are a class of non-coding RNAs with covalently closed loop structures without a free 5′ and 3′ ends formed as a result of back splicing or from lasso structures cleaved during intron splicing \[[@CR104]\]. In this paper, it was shown that cir-ZNF609 acts as a ceRNA. ceRNAs contain miRNA binding sites and act as miRNAs sponges regulating their levels in the cell and thereby modulating the expression level of these miRNAs target genes.

Analysis of cir-ZNF609 expression level in HSCR tissue samples and in controls showed that cir-ZNF609 level is significantly lower in HSCR patients compared with control samples. Knockdown of cir-ZNF609 in two human cell lines had the same effect -- reducing cell migration and proliferation. Overexpression led to the opposite effect. Since cir-ZNF609 is localized predominantly in the cytoplasm and also because circular RNAs often function as ceRNA \[[@CR105]\] an in-silico prediction of miRNA binding sites was made. The results showed that miR-150-is a good candidate. In HSCR colon samples miR-150-5p was upregulated as was confirmed by an expression analysis and a luciferase reporter system demonstrated a direct interaction between miR-150-5p and cir-ZNF609.

One of miR-150-5p predicted targets is AKT3 which is involved in cell migration, differentiation, regulation of apoptosis, etc. In HSCR AKT3 is downregulated and its expression level is positively correlated with cir-ZNF609 levels. Knockdown of cir-ZNF609 decreased AKT3 expression levels and a luciferase reporter system showed that AKT3 is regulated by miR-150-5b. Moreover, a new insight into the pathogenesis of HSCR was given. In addition, the authors showed that the expression levels of cir-ZNF609 can serve as a good biomarker for the diagnosis of HSCR with sensitivity and specificity of 77 and 94%, respectively which is comparable with other commonly used methods \[[@CR106]\].

Cartilage-hair hypoplasia (OMIM 250250) {#Sec19}
---------------------------------------

Cartilage-hair hypoplasia (CHH) also known as metaphyseal chondrodysplasia, McKusick type is an autosomal recessive heridetory disease. CHH is caused by homozygous or compound - heterozygous pathogenic variants in the *RMRP* gene on chromosome 9p13. This disease is characterized by metaphyseal osteochondrodysplasia resulting in shortening of the limbs and dwarfism, deformation of the thorax, legs curvature and the presence of fine, sparse hair. Other variable clinical signs include immunodeficiency, anemia and Hirschsprung's disease.

The *RMRP* gene encodes for a 268 nucleotide long lncRNA -- the RNA component of the mitochondrial RNA-processing endoribonuclease. RMRP is transcribed by RNA polymerase III in the nucleus and subsequently incorporated into the protein complex \[[@CR107]\]. Most of RMRP remains in the nucleus and the nucleolus while the minor fraction is transported to the cytoplasm \[[@CR108]\]. RMRP was the first described RNA whose transcription occurs in the nucleus and which is subsequently transported to the mitochondria. In the mitochondria RMRP cleaves the RNA primer necessary for replication of the leading DNA strand \[[@CR109]\]. In addition, RMRP forms a complex with the telomerase subunit having reverse transcriptase activity and this complex is involved in the formation of double-stranded RNAs that are processed into siRNA by Dicer \[[@CR110]\]. Despite the fact that the functions of RMRP are known, the way in which the pathogenic variants in this gene cause CHH is still unknown.

A new insight into the role of RMRP was given in the work of Rogler L.E. et al. \[[@CR44]\]. Extracting a small RNA fraction from normal liver tissue and from liver with cirrhosis with further sequencing revealed two regions of enrichment in the RMRP sequence which means that RMRP can serve as a precursor for two miRNAs -- RMRP-S1 from the 5′ region of RMRP and RMRP-S2. Northern-blot in different cell lines showed that miRNA biogenesis from RMRP is cell type specific and PAR-CLIP method (photoactivatable ribonucleoside-enhanced crosslinking and immunoprecipitation) confirmed the binding of RMRP-S1 and RMRP-S2 to the Argonaute protein, a key component of the RISC (RNA-induced silencing complex) complex.

The authors also studied the level of microRNAs in fibroblasts derived from patients with different pathogenic variants causing CHH. The presence of a frequent homozygous pathogenic variant 70A \> G resulted in a decrease in the level of RMRP-S1 and RMRP-S2 by 60 and 70%, respectively, with respect to control. This means that pathogenic variants may lead to a disruption in miRNA biogenesis from lncRNA.

To determine the targets of the studied miRNAs inhibition and overexpression experiments were conducted in HEK293 cell line. The results showed that RMRP-S1 influences the expression level of 35 genes and in 82% of cases the level of expression decreased. RMRP-S2 on the other hand influenced the expression level of 902 genes 75% of which were downregulated. *PTCH2* and *SOX4* were among the genes that were downregulated. These genes are involved in maintaining a normal balance between the growth of chondrocytes and bones mineralization.

To date many pathogenic variants leading to the development of CHH have been described and not all of them lie inside the miRNA sequences. One of the most frequent pathogenic variants 70A \> G does not change the sequence of microRNAs and the authors suggest that a change in the secondary structure of the lncRNA can be the reason for the defect in RMRP-S1 and RMRP-S2 formation.

Discussion {#Sec20}
==========

As we can see lncRNAs can participate in the development of hereditary human diseases through various mechanisms regulating the expression levels of their targets through: recruitment of chromatin-modifying complexes, antisense transcription, splicing regulation, miRNA dependent mechanism, RNA-RNA duplex formation and others. Such a wide range of pathogenetic mechanisms allows us to make an assumption that further research in this field will expand the list of hereditary diseases in the development of which lncRNAs play an important role.

Conclusions {#Sec21}
===========

To date lncRNAs have not been taken into account in the diagnosis of hereditary diseases, although there is evidence that their role in the development of the disease is often central. Fundamental research in the field of molecular genetics of lncRNA is necessary for a more complete understanding of their significance. Future research will help translate this knowledge into clinical practice which will not only lead to an increase in the diagnostic rate but also in the future can help with the development of etiotropic treatments for hereditary diseases.
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